Knowledge sharing has become an important issue that challenges the efficient healthcare delivery in eHealth system. It also rises as one of the most demanding applications with reference to dynamic interactivities among various healthcare actors (e.g. doctors, nurses, patients, relatives of patients). In this paper, we suggest an activity theory based ontology model to represent various healthcare actors. The goal of the suggested model is to enhance interactivities among these healthcare actors for conducting more efficient knowledge sharing, which helps to design eHealth system. To validate the feasibility of suggested ontology model, three typical use cases are further studied. A questionnaire based survey is carried out and the corresponding survey results are reported, together with the detailed discussions.
Knowledge sharing has become a very important resource when knowledge needed for conducted services is extended outside of its own organization [3] . By eHealth, the diagnosis and treatment knowledge need to be shared between patients and those who may be concerned, like the healthcare providers. Meanwhile, with the healthcare network set up, healthcare receivers can share their experience and treatment solutions online with those who may be suffering from similar symptoms. With such practice applied, the efficiency in healthcare can be highly improved. In eHealth, sharing knowledge can realize potential gains and is critical to surviving and prospering in a competitive environment [4] . Knowledge sharing in eHealth has become crucial since health practitioners are required to be research-oriented, creative in healthcare, and ready to take new medical knowledge opportunities that can be acquired through various organizational learning mechanisms [5] .
A very important problem in eHealth is that the various services and applications in different organizations use different vocabulary, concepts, models and so on, which leads to the problem of interoperability and the difficulty of sharing knowledge. To deal with this problem, it is very crucial for eHealth system designers to find a strategy to deal with the diversities in healthcare knowledge system development. A shared ontology may be a necessity to start with this strategy. Ontology, from technological aspect, is "an explicit machine-readable specification of a shared conceptualization" [6] . It is also a semantics approach to address the kinds and structures of objects, properties, events, processes and relations among these entities [7] . The goal of applying the ontology in eHealth is to establish a common semantics for addressing the concept of healthcare services. Corresponding entities in the healthcare ontology consist of not only the healthcare actors but also the knowledge and efforts involved in designing the eHealth system. Ontology may be utilized to promote knowledge sharing within organizations or inter-organizations.
During the past decade, the healthcare ontology has been widely investigated and developed. For instance, one standardization effort of Health Level Seven (HL7) is laid on developing the Service-Oriented Architecture (SOA) based healthcare ontology. The goal of this effort is to bridge standard ontologies in the domains like enterprise architecture, clinical care, and biomedicine [8] .
Based on the work done by HL7, the authors of [3] report on the analysis of SOA based healthcare ontology by using a well-founded ontological approach called Unified Foundational Ontology for Service (UFO-S) [9] . The purpose of this work is to provide an ontological foundation to the SOA based healthcare ontology suggested by HL7. In [10] , the authors study on the problem of representing the healthcare ontology from different perspectives associated with various healthcare actors and with using different terminologies. This work is motivated by a fact that it is difficult to creating a single universal ontology for the eHealth system. So far, there are a large amount of studies done on knowledge sharing in the eHealth area. For instance, the authors of [11] report a multi-viewpoint based model to represent the heterogeneous health actors by using ontology. In [12] , the authors report on the problem of distributed knowledge sharing among patients and physicians. They also suggest a multi-agent based method to overcome this problem. Clearly, the focus of these studies is laid on the representation of different health actors. The corresponding solution approach for knowledge sharing is mainly operated on two traditional heath actors. They are the care provides (e.g., doctors, nurses) and the care receivers (e.g., patients). Given the increasing demand for self-care on personal health problems, the care receivers may require the external assistant from other health actors like, e.g., family members, neighbors, social care agencies, third party organizations. This situation gives rise to the need of the long term financial sustainability on coordinating various healthcare actors. The motivation comes down to the development of solution approach to enhance the inter-activities among different health actors. The goal is to support more general knowledge sharing among the aforementioned various health actors, and thus improving the quality and efficiency of the assistant in self-care. To the best of our knowledge, there are few studies done so far along with this research line.
Methodology
To meet the requirement on the above-mentioned goal, in this paper we put the interest in investigating the interactivities among different healthcare actors in eHealth system.
• Firstly, the fundamental concepts related to healthcare ontology and activity theory are presented, together with the report on the related work.
• Secondly, based on activity theory we have proposed a new ontology model to represent dynamic interactivities of different healthcare actors, which are involved in the considered use cases to conduct knowledge sharing.
• Thirdly, to validate the feasibility of applying the suggested model in the considered use cases, a questionnaire based survey is carried out. Four different sets of questions are therefore distributed to four particular healthcare actors, i.e., patients, doctors, nurses, and relatives of patients.
• Finally, the corresponding survey results are reported. The detailed discussions are also presented to further analyze how the suggested model can practically enhance the interactivity of knowledge sharing in the considered use cases.
Activity Theory Based Ontology Model

Activity Theory in eHealth
The cultural-historical theory of activity, also known as Activity Theory (AT), is a framework of knowledge that seeks to explain the unity and inseparability of subjective mind and the objective human practice [13] . The origins of the theory can be found in the work of the Russian developmental psychologist Lev Vygotsky [14] , Aleksei Nikolaevich Leontev [15] , and especially further expanded by Engeström [16] . In Activity Theory, activity is the basic unit that preserves the essential quality behind any human practices. Engeström developed a trian-gle model based on previous work by Vygotsky and Leontev to recapitulate and visualize the components and relationships that compose an activity ( Figure 1) . A philosophical discussion about the model and relationship can be found in the study of [16] , and will not be discussed here. We just take up the points which will contribute to the purpose of constructing ontology for eHealth system. An activity is always conducted by some goal-oriented actors, a subject, directed towards an object or outcome that is being transformed. According to the theory a basic feature of human activity is the use of artefacts/instrument as mediation. Much of human interaction with the world is mediated through various artefacts/instrument. This triple relationship is represented in the top part of the triangle (Subject-Tool-Object-Outcome). The subject and object are related to and members of a community that is shown in the bottom part of the triangle. The Division of Labour between the Object and the Community is to specify the responsibility of the Object's all needs. The Rules are to legitimize the actions of the subject actors involved in the activity [17] .
We specialize the work activity of a doctor (Subject) working at a healthcare centre for patients (Object). The outcome of the activity is to cure the patients from their health problems and illnesses. The instruments include such tools as EHR, X-rays, laboratory, and medical devices-as well as partially internalized diagnostic knowledge and treatment-related concepts and methods. A community is commonly considered a social unit (a group of people) who have something in common, such as norms, values, identity, and often a sense of place that is situated in a given geographical area (e.g. a village, town, or neighborhood). In healthcare area, the community consists of the staff of the clinic, other collaborating clinics and hospitals, municipality's home nurses. The division of labor determines the tasks and decision-making of the physician, the nurse, the nurse's aide, and other employee categories. Finally, the rules regulate the legislate actions taken by the doctor, use of time, the measurement of outcomes, the criteria for rewards and so on.
If we take the point of view of another subject in the community, for instance a nurse in the same healthcare activity, the model will keep the same, however, only the contents will be different. Also, if we take the patient as the subject of the activity system, their object will be the healthcare providers, which include doctors, nurses and other staff in healthcare center. Still, they share the same ar- Figure 1 . Engström's model of activity system. chitecture/model. This property of the model that is applicable in different levels and for multiple actors is a recursive property. Recursive property of a model can be used for constructing a system for multiple users in different organization levels which is exactly the case for eHealth system.
System Description
Based on the above-addressed activity theory and healthcare ontology, we consider a particular eHealth system, which is to provide personal healthcare services to elderly people. In this system, six different healthcare entities (i.e., healthcare actors and healthcare elements) are taken into consideration. They are described below:
• Information about care receivers: it is related to the personal information about the care receivers for the self-care assistant purposes. Examples of such information are the age, the suffered chronic diseases, and the relatives (i.e., family members). All these information will be recorded in this database of care receivers. Further, the information about the associated care providers is also required to be recorded in this database.
• Information about care providers: similarly, it is related to the personal information about the care providers. Examples of such information are the time scheduling of care providers, the competence of care providers, and the information about the assigned care receivers. All these information will be recorded in this database of care providers.
• Instruments: they are referred to as the artefacts used for personal healthcare services, for instance, a laboratory, the electronic health record, the X-rays and the relevant diagnostic knowledge. These items need to be integrated into a single base, which provides the uniform Application Programming Interfaces (APIs) to different categories of users such as healthcare providers and receivers.
• Community network: it is the social context which includes all actors involved in the activity system. The community network is connected to different social actors and elements like, e.g., patients' relatives, family members, healthcare centers, shopping centers, banks, TAXI etc.
• Laws/rules: they are conventions, guidelines and rules regulating activities in the system. They are used by different actors to know the relevant information about the particular social laws, contracts, and decisions.
• Labour division: it is the social hierarchical structure of activity, the division of activities among actors in the system. Labour division provides the prescribed social contact information for dealing with personal healthcare, together with the suitable methods to solve the particular conflict problem among different healthcare actors.
Ontology Model Description
In accordance with the triangle model advanced in [16] , we suggest a new model to represent the above-described system. This model is based on both activity theory and healthcare ontology, and thus so-called Activity Theory based On-tology (ATO) model. The main advantage of this model is referred to as the flexibility and extendibility of investigating the interactivities among different healthcare actors. The goal of using this model is to enhance the efficiency of conducting knowledge sharing in more general eHealth system. The detailed description about the suggested model is as follows.
In Figure 2 , among six activity units, there are three key ones, i.e., care provider, care receiver and tool box. First, the care provider and the care receiver are defined to be the activity subject and activity object, respectively. The work activity of the care provider is then referred to as the assistant in the self-care
requested by a particular care receiver. The outcome of this work activity is connected to the process of dealing with the particular health problem suffered by the particular care receiver. To accomplish such process, one needs the particular instruments or so-called tool box such as laboratory, medical devices (e.g., electronic health record, X-rays), relevant diagnostic knowledge, and the suitable psychological treatment methods. Further, all these instruments are provided by the tool box.
The above-described three key activity units are further extended by connecting them to another three activity units. The first unit is related to the community network, which is connected to both the care providers and receivers. This is because that different social contacts belonging to this community may need collaborate with care providers to give more efficient healthcare service to care
receivers. The second unit is the division of labor, which is responsible for doing decision-making on the particular tasks in the eHealth system. Examples of tasks are assigning the competent physician for the patient, allocating the nurse to the patient, and arranging meetings between care providers and care receivers. Due to the limited resource on the care provider side, the division of labor is designed to connect to the community unit. The third unit is the associated with the prescribed rules, which give the particular constraints to different actors who involved in the activity like, e.g. the legislate actions taken by care providers, the outcome evaluations, the reward criteria for physicians. 
Model Validation
Use Cases
To validate the feasibility and effectiveness of the suggested model, one needs to apply it to the practical healthcare system. To do this, we have conducted the preliminary observation on the typical use cases existing in the real healthcare system. The observation was done at the Zhengzhou University Hospital, which is located in the city of Zhengzhou in China. The reason for selecting this hospital is that, the population of elderly people in the city of Zhengzhou is larger than the other major cities in China. Such situation leads to various interactivities among various healthcare actors during healthcare service delivery process.
The observation results show that there are three typical use cases: i) a patient at home communicates with a nurse; ii) a family member takes care of a patient;
iii) a patient makes an appointment to meet a doctor. We then apply the suggested ATO model to these three use cases. Accordingly, the newly formalized representation of interactivities among different healthcare entities (i.e., actors and elements) are illustrated Figures 3-5, together with the brief descriptions.
Use case 1: a patient communicates with a nurse
Number (1), (2), etc. are according to the numbers in Figure 3 .
(1): A particular patient stays at home and feels bad. As such, this patient reports the health status to a nurse, who is responsible for assisting this patient. The doctor also makes a prescription for the patient, and sends the prescription to the nurse.
(5): The nurse provides the received prescription to the patient. Meanwhile, the nurse also sends the notice to the patient's family member. (1): A nurse checks the health status of a patient, which is reported by a pa-tient's family member. The nurse observes that the patient's health status is not good, and thus informing a doctor who is responsible for taking care of the patient.
(2, 3, 4): They are same to the steps (4, 5, 6) described in case 1.
Use case 3: a patient makes an appointment to meet a doctor
Number (1), (2), etc. are according to the numbers in Figure 5 .
(1): A particular patient sends an appointment request to a particular nurse who is responsible for assisting this particular patient.
(2): The nurse checks the time availabilities of the corresponding doctor, and sends the suggested time slots to this doctor. 
Questionnaire Based Survey
The above described three use cases show the potential possibility of applying the ATO model in eHealth system. However, the implementation feasibility of this model and the assumed effectiveness of dealing with healthcare service still need to be preliminary validated in accordance with the practical demands from different healthcare actors. To do kthis, the questionnaire based survey is conducted.
The survey was carried out between 2016 March and April at the Zhengzhou University Hospital (the same hospital we mentioned before). The survey goals mainly include four categories of healthcare actors represented in the ATO model. They are the healthcare providers (e.g., the doctors and nurse working in the hospital), the healthcare receivers (e.g., the elderly people staying at home), the community (e.g., the patients' relatives or family members) and the tool box The focus of the questionnaire based survey is to enhance interactivities among these health actors for conducting more efficient knowledge sharing, which is helping design eHealth system. The suggested ATO model and the con-sidered use cases indicate that designing efficient knowledge sharing in eHealth system is a sophisticated procedure due to heterogeneous healthcare actors and their interactivities involved in healthcare service delivery. To alleviate the complexity of this procedure, a feasible solution approach is to redefine the responsibilities of those healthcare actors with reference to their particular roles of assisting the particular interactivities. The main goal of this approach is to help healthcare providers (e.g., doctors and nurses) to have the better understanding of the real need from patients from both medical treatment and psychology perspectives. As such, they can improve the efficiency of carrying out the corresponding interactivities with patients and other healthcare actors (e.g., the relatives of patients), and thus delivering better healthcare services to patients.
Subsequently, the above-mentioned four sets of questions need to be well formalized with the aim at identifying and developing the necessary responsibilities for various healthcare actors. Along with this line, 12 key questions are reported in Figures 6-9 , together with corresponding survey results.
Result and Analysis
For group G-p, there are 40 patients participating in the survey with the given questionnaires. The questionnaires for groups G-d and G-n are distributed to 25 doctors and 35 nurses, respectively. Similarly, the questionnaires for group G-r are distributed to 40 people. They are the relatives of the patients in group G-p.
Eventually, 35 results are received from the group G-p. While, 23 and 32 results are received from groups G-d and G-n, respectively. Further, 33 results are received from group G-r. In other words, the response rates to the survey are about 87.5%, 92.0%, 91.4% and 82.5% for the patients, doctors, nurses and relatives, respectively. The survey results for all the above-listed questions are reported in Figures 6-9 . The discussions about these results are described below.
In Figure 6 , the answers to question Q-p-1 show that the individual patient usually wants to discuss with the doctor about their potential illness when he/she does not feel well. However, the doctor may be not available for the direct contact demanded by the patient due to the constrained time scheduling. In this case, the nurse becomes an important role who can take the responsibility of dealing with various requests from patients. Based on the preliminary evaluation on the health status of patients, if the meeting between the doctor and the nurse is needed, the nurse can further arrange such a meeting according to the time availabilities of both doctor and patient. Such preliminary evaluation is highly necessary by both the doctor and the patient, as shown by the answers to questions Q-p-2 and Q-d-1 in Figure 6 and Figure 7 . As shown by the answers to question Q-d-3 in Figure 7 , the patient also thinks that the nurse is also helpful during the illness treatment procedure.
As shown by the answers to Q-n-1 in Figure 8 , most of nurses agree with that their responsibility of bridge communication gap between doctors and patient is very important to the healthcare delivery service. The biggest problem faced by the nurse is connected to the need of coping with various requests demanded by patients, including the expected complains about the doctor, as shown by the answers to questions Q-n-2 and Q-n-3 in Figure 8 . To alleviate this problem, the doctors suggest that the nurses should have several important attitudes to patients, such as being patient and maintaining calm, as shown by answers to question Q-d-2 in Figure 7 .
In Figure 9 , the answers to questions Q-d-1 and Q-d-2 show that, although the patient's relatives are care about the health status of the patients, they may lack time to provide the professional healthcare to the patient. This also indicates that the patients prefer to talk with the healthcare professions (i.e., the doctor) about their health status, as shown by answers to question Q-p-1 in Figure 6 . However, the answers to question Q-p-4 show that the patients want to
share the information about their health status to their relatives, as they definitely want to get the help from the relatives. Further, the relatives of patients also agree with that the nurse is easier to communicate rather than doctor, as
shown by the answers to question Q-r-3.
Discussions
In this paper, to improve knowledge sharing efficiency in eHealth, we proposed these healthcare actors is improved with reference to the efficient accomplishment of the related healthcare service delivery.
Regarding the aforementioned need of redefining the responsibilities of healthcare actors, the discussions are as follows.
The above-reported survey results show that knowledge sharing in eHealth system is a sophisticated procedure due to heterogeneous healthcare actors and their interactivities involved in healthcare service delivery. To alleviate the complexity of this procedure, one needs to redefine the responsibilities of those healthcare actors with reference to their assistant in accomplishing the associated interactivities.
For instance, an important interactivity in the healthcare system is regarding the examination on the illness of patients. The involved healthcare actors are like, e.g., the patient, the nurse, the doctor, the patient's relative and the laboratory (including e.g., medical devices). Due to the need of dealing with multiple patients, the doctor usually needs the information about the preliminary evaluation on the health status of individual patient. Based on evaluation results, the doctor then decides on whether or not carrying out examination by using the laboratory. In this case, the nurse becomes very important to take the role of doing such preliminary evaluation patients with reference to the historical information about the health status of patients. As show in Figure 6 , such new role of the nurse is also required by patients as they prefer to first talk to the nurse about their health status rather than the doctor. This is because a particular doctor is likely difficult to reach by patients as the constraint on the doctor's time scheduling, as show in Figure 9 .
Another important interactivity is connected to delivering the examination report from the doctor to the patient. In this interactivity, the involved healthcare actors should be referred to as not only the patient, the nurse and the doctor, but also the patient's relatives. From Figure 8 , we observe that the patient's relatives can bridge the communication gap between the doctor and the patient.
Specifically, the doctor is usually expert in the profession skills like, e.g., illness examination, medical treatment, summarizing examination results. However, the Figure 6 shows that when the examination results are delivered to the patient, more social communication is demanded by the patient. This is because the direct result report from the doctor to the patient may significantly affect the patient's emotion, and thus leading to the unexpected mental injury to the patient. In this case, the patient's relatives can accordingly provide the necessary psychological support to the patient.
The survey results also show other interesting interactivities, such as the time scheduling for both the doctor and the patient to do illness examination, coping with various requests and complains from patients, the social activities among patients. By using our suggested ATO model, all of these interactivities can be represented in an efficient way, based on which the responsibilities of the involved healthcare actors are redefined and the knowledge sharing among them is hence enhanced.
Conclusion
In this paper, we studied the problem of coping with interactivity among different health actors for knowledge sharing in eHealth. The activity theory based ontology model is suggested for representing the interactivities among different health actors in the eHealth system. Based on three typical use cases, a questionnaire based survey is conducted. The goal is to validate the suggested model with reference to the practical requirements demanded by the real healthcare system.
The results show the feasibility of the suggested model and the effectiveness of applying it to the considered use cases. The future work is to implement a prototype software system, based on which, the suggested model can be practically integrated and be used for improving the efficiency of knowledge sharing in eHealth.
